Solar energy is becoming the mainstream energy source by drawing considerable attention of analysts these days. The output power of a photovoltaic (PV) system uctuates with temperature and sunlight, a ecting its e ciency. To extract accessible power by a PV system, Maximum Power Point Tracking (MPPT) method is adopted. A famous strategy regularly utilized due to its simplicity and low cost is the Perturb and Observe (PO) algorithm. However, there are a few downsides with PO algorithm, which result in power loss and low e ciency. We compared the performance of the conventional PO with some enhancements, especially a recent PO variant, for MPPT. Experiments were conducted at di erent irradiances and temperature levels in two ways, namely with load and with battery, by conventional PO and its variants. The strategy to reach optima and stability of the methods were discussed. The PO variants were rated from the viewpoints of stability, accuracy, post-MPP oscillations, and tracking speed. The modi cations were proven to be fruitful for the practitioners working with MPPT in PV solar systems using PO algorithms. Simulation results were validated using real-time experimental results. The new PO variant appeared to be a reliable computing algorithm for MPPT in solar PV systems.
Introduction
Renewable sources of power are gaining increasing signi cance against the enormous utilization and fatigue of petroleum derivatives. Among a few sustainable power sources, photovoltaic arrays have numerous applications, e.g., pumping of water, charging of batteries, hybrid systems for vehicles, and PV systems connected by grids [1] . A PV system is most generally categorized as a stand-alone PV, grid-connection, or hybrid system.
The operating conditions usually a ect the performance of stand-alone PV systems. These systems are mainly utilized in places much away from a conventional power generation system. Awan et al. [2] noted that ambient cell temperature, load pro le, and the in uence of insolation of PV generators on a particular cell e ciency would a ect the amount of maximum power extracted. Extraction of the highest amount of power is important to make an e cient PV system. To this aim, Maximum Power Point (MPP) trackers are utilized to achieve the best operation of PV systems. Figure 1 represents general I V and P V characteristics for a solar photovoltaic panel, where V mpp and P mpp are the voltage and power characteristics of the MPP at an irradiance of 1 W/m 2 . The general block diagram of a stand-alone PV system with MPP tracker is shown in Figure 2 . As discussed by Putri et al. [3] and Babaa et al. [4] , ine ciencies of the solar panels, mostly below 25%, have been a very serious issue in solar power systems since the advent of MPPT algorithms in 1980s. MPPT methods attempt to minimize the ine ciencies by solar modules and enable e cient and reasonable extraction of solar power.
Unlike mechanical trackers, the MPP trackers comprise some components involving charge controllers, micro-inverters, and string inverters [3, 4] .
Microprocessors in MPPT systems are used to examine electrical input, like current and voltage, and follow a de ned method to make necessary corrections for maintaining the MPPs. Up to now, a number of circuits and methods for the development of MPP trackers have been presented. After the development of MPPT algorithms for the rst time, many successful enhancements have been made in the literature [3, 4] by incremental conductance, steady voltage strategy, consistent current technique, cut-o technique, Perturb and Observe (PO) technique, and Open Circuit (OC) voltage strategy. Among the abovementioned enhancements, PO is the mostly utilized one since it is a basic and simple-to-perform method. The performances of Hill Climbing (HC), Incremental Conductance (INC), and Fuzzy Logic (FL) controller techniques were compared with that of the PO method by Rezk and Eltamaly [5] . By applying some changes to the FL part in MPPT algorithms, a hybrid MPPT method was proposed by Bahrami et al. [6] through blending two existing algorithms. It was demonstrated that the new hybrid algorithm was e cient under rapidly changing environmental and transient conditions. By combining the HC and a variant of Particle Swam (PS) optimization algorithm, a new and computationally e cient MPPT method was suggested by Chaieb and Sakly [7] for partially shaded cases.
The calculations in the conventional PO algorithm have a few disadvantages as highlighted by Rezk and Eltamaly [5] . For example, under fast changing climate conditions, the algorithm has low tracking speed and the PV system oscillates when operating around MPP, as discussed by Salas et al. [8] .
The modi ed PO MPPT control method is another technique that, unlike the PV system in the typical PO strategy, controls voltage and current by directly managing the duty cycle of the DC to DC buck converter. Simplicity and high tracking speed are bene ts of the modi ed PO MPPT algorithm presented by Thenkani and Kumar [9] .
In fast changing climate conditions, PO calculation may sometimes take the system far away from the MPP [10] [11] [12] [13] [14] . The variable advance size procedure utilized as a part of PO calculation has a quicker reaction in following the MPP. However, there still remains the fundamental issue of oscillations of the operating point around the MPP. In PO calculation, only a single variable's incentive out of two{voltage and current{is used and continued by observing the results. This issue arises because the tracker cannot perceive whether the adjustment in control is because of perturbation or due to change in climate condition (irradiance or temperature). Therefore, the operating point is constantly in the oscillatory state. PO calculation is generally modi ed by utilizing the \lessening and x" technique to tackle this issue. This technique uses estimates of both variables (current and voltage) to inform the tracker that whether perturbation or change in climate conditions (irradiance or temperature) enforces the adjustment in control. The variable advance size method has been utilized to replace the \reduction and x" system [1] .
Researchers have proposed enhanced variants of the conventional PO algorithm to accelerate tracking speed and increase e ciency under di erent atmospheric conditions, including various temperature and irradiance [7, [10] [11] [12] 15] . The improvement of charge rate using PV MPPT in ultracapacitor and battery was measured by Rajani and Pandya [16] . They also investigated the payback with improvement in e ciency and charging rate. In addition, some recent studies have applied MPPT techniques to di erent PV systems by incorporating various controllers. Some examples are the predictive control design of marine PV systems by Tang et al. [17] , the new temperature controller with incremental conductance for indoor PV systems o ered by Shahid et al. [18] , the backstepping nonlinear controller with asymptotic stability for PV systems presented by Arsalan et al. [19] , and advanced MPPT control design of PV-solar pumps by El-Khatib et al. [20] .
In this paper, the performances of a new PO variant and some PO-based MPPT algorithms in the photovoltaic solar systems are investigated for load and battery. The methodology, algorithms, implementation, and analysis of the results for the conventional PO and its variants will be presented in detail. Finally, on the basis of stability against maximum power, post MPP oscillations, and tracking speed, the methods will be rated for the load and battery cases. The recommendations provided in this study will help practitioners and researchers to select reliable PO-based MPPT algorithms for solar photovoltaic applications.
After introducing the topic, its importance, the relevant literature, and the main objectives of the study in this section, the remainder of the paper is organized as follows. Section 2 is devoted to introducing and comparing the algorithms of the conventional PO method and some of its enhancements. Also, the owcharts of the enhancement methods are presented in this section. Section 3 explains the incorporated setup for numerical simulations, test conditions, and the applications of the PO variants in the battery and load cases. In addition, the results are presented and discussed, and some recommendations are given based on the comparison in this section. The section on conclusion is the nal part of this paper.
Materials and methods
Working voltage of the PV cell/system is rst perturbed with an increase in PO calculation and then, the subsequent change of power is estimated and stored as a relative incentive in an algorithm [1] .
If a positive change occurs in power, perturbation continues until a working point of the PV panel closer or equivalent to the MPP. On the other hand, negative change in power (diminishing control) after perturbations means that the operating point of the system is constantly getting away from the MPP. In this case, the direction of perturbation should be switched to draw the working point closer to the MPP. When the working point approaches the MPP, perturbation becomes positive again and, in this state, oscillations of the operating point begin around the MPP [21] .
Perturbation is performed by changing the duty ratio, i.e., conduction time to total switching period, of DC-DC buck or boost converter. In PO calculation, duty cycle of the DC-DC buck converter is set as per the need. Thus, to transfer maximum power to battery/load from the source, source impedance of the battery/load and solar PV system is modi ed by adjusting duty cycle of the DC-DC converter [22] .
The conventional PO and some of its variants used in the following comparison are discussed in Section 2.1.
Some PO methods
The conventional PO method has been compared with the modi ed PO [8] , improved PO [23, 24] , and advanced PO [2] algorithms by the researchers for the battery and load cases. A brief review of these algorithms is given in the following.
Conventional PO method
Although conventional PO is a famous strategy, it has some downsides. Oscillations around the MPP and mediocre following velocity in quickly changing climate conditions are two downsides [25] , which result in large power losses. Some strategies have been suggested by Beydaghi et al. [25] and Santos and Galhardo [26] to tackle these issues. Abdelsalam et al. [27] , by utilizing variable advance size, enhanced the conventional PO algorithm and could overcome the problems of slow tracking speed and oscillations around the MPP only to some extent. Flowchart of the conventional PO method is shown in Figure 3 .
Modi ed PO method
An enhancement of the conventional PO method, namely modi ed PO, was suggested by Salas et al. [8] . Simplicity and high convergence speed were claimed to be the bene ts of the modi ed PO method for MPPT applications. By utilizing di erent operating inputs in the calculations, it was demonstrated that the MPP was followed even in the cases of sudden change in illumination and load/battery level [8] .
The modi ed PO MPPT calculation begins with calculating energy at the pre-set value of 100% for the duty cycle. Then, it estimates the real PV voltage, V (k), and PV current, I(k). At the next step, PV power, P (k), is immediately estimated. Perturbation step size and duty ratio of the buck converter determine the error between P (k) and P (k 1). Then, the Metal-Oxide-Semiconductor Field-E ect Transistor (MOS-FET) of the DC-DC buck converter is determined by the output of the MPPT controller for P (k) to track the maximum power [6] . The owchart of the modi ed PO method is shown in Figure 4 . 
Improved PO method
The conventional PO algorithm tracks the MPP with some oscillations around it and is favoured because of its basic structure. However, its MPPT calculations are valid only to the extent that changes in daylight radiation are consistent or changing is gradual [23, 24] . This issue can be tackled to shorten the perturbation step; however, the tracking speed will be lower. To overcome the problems with the conventional PO, a new improvement [23, 24] has been suggested, here referred to as improved PO method. The improved PO calculations are preferable in quickly changing climate conditions, where the usual PO calculations generally lead to considerable gaps between the working point of the system and the MPP. The owchart of the improved PO method is shown in Figure 5 .
A new PO variant (advanced PO method
Although variable advance size system utilized as a part of PO calculations makes quick reaction possible in following the MPP, the fundamental issue of oscillations of the operating point around MPP remains unresolved [2] . Awan et al. [2] utilized the \decline and x" strategy to resolve this issue by changing PO calculation. The values of both variables of voltage and current are estimated to be used by the tracker in the advanced PO method [2] . The estimated voltage and current enable the tracker to identify whether the change of power is because of perturbation or due to variation in climate conditions (brightening or irradiance). The \decrease and x" technique was replaced by the \decline and x" technique by Awan et al. [2] . The owchart of the advanced PO method is shown in Figure 6 .
Results and discussion
To test the performance of the conventional PO and the enhancements discussed in Section 2, MATLAB Simulink was used to set up the circuit simulation diagrams as well as to obtain the rest of the results. The circuit diagrams used in the simulation for the cases of battery and load are shown in Figures 7  and 8 , respectively, at the irradiance of 1000 W/m 2 and the temperature of 25 C. Other irradiance and temperature values were also used in the experiments, but they are not provided for the sake of brevity. The combinations of irradiances in the range of 0:250:1000 (W/m 2 ) with the temperatures ranging within 0:25:50 ( C) were considered in the simulations. Figure 9 shows the I-V and P-V curves for our experiments at the irradiances of 250 W/m 2 and 1000 W/m 2 . Figure 10 shows the I-V and P-V characteristics at di erent temperature levels. In the load case, we used the resistor loads of 2.8 , 5 , 10 , and 100 .
The results for the conventional PO method with battery at an irradiance of 1000 W/m 2 and temperature of 25 C are shown in Figure 11 . The voltage, current, and power curves versus time instants are shown. It can be seen that the conventional PO method successfully tracks the MPP and achieves the expected power level of 51 W. However, after the MPP, oscillations are observed, which are periodic in nature with constant amplitude around the MPP. The tracking speed is 0.027 s. Similarly, for the case of 2.8 load, as evident in Figure 12 , the voltage reaches near the MPP in a certain time and then, starts to oscillate around the MPP, causing constant-amplitude periodic oscillations at the power levels near MPP. Figure 12 shows that the expected power level has been achieved in the load case of 2.8 and post MPP oscillations are the only concern with this method. Tables 1 and 2 summarize the input and output characteristics of the simulations with conventional PO method for all the cases of loads, namely 2.8 , 5 , 10 , and 100 , and at all values of irradiance and temperature. Figures 13 and 14 demonstrate the performance of the modi ed PO method for the cases of battery and 2.8 load at irradiance of 1000 W/m 2 and temperature of 25 C, respectively. It is clear in the gure that the modi ed PO method achieves the expected power level of 51 W faster than the conventional PO with an improved tracking speed of 0.002 s. Also, like the conventional PO, the modi ed PO su ers from post MPP oscillations. The oscillations are periodic with constant amplitude. In Figures 11 and 13 , it is evident that the modi ed PO is superior to the conventional PO under similar conditions. On the other hand, for the case of 2.8 load, the current, voltage, and power curves obtained by the modi ed PO method are shown in Figure 14 . Also, for a more comprehensive understanding, the case for di erent loads, irradiances, and temperatures is presented in Tables 3 and 4 . As seen in Figure 14 , the modi ed PO method tracks the maximum power of 41 W, which is lower than the true/expected maximum power level. While tracking speed is very low and the achieved power level is lower, the modi ed PO method also exhibits oscillations around the obtained MPP. Moreover, the modi ed PO method does not yield successful simulations for the case of 10 load with irradiance and temperatures pairs of (750, 25), (1000, 25), (1000, 50), and (1000, 0), as demonstrated in Tables 3 and 4 .
The simulation results of the improved PO method for the cases of battery and load are not encouraging. In the cases of battery ( Figure 15 ) and 2.8 load (Figure 16 ), the expected maximum power level is not achieved. The obtained power levels by improved PO method are 37 W for battery and 27 W for 2.8 load. It is interesting to note that the improved PO method does not exhibit any post MPP oscillations, while the achieved power level is much lower than expected, which can be considered as the main disadvantage of this method. The summary of input and output parameters for di erent loads, irradiances, and temperatures in the improved PO method for tracking the MPP is given in Tables 5 and 6. The cases for which the improved PO method does not conduct successful simulations are those with 1000 W/m 2 , 25 C, and 10 load and most of the combinations with 100 load. Figures 17 and 18 show the results of the advanced PO method for the cases of battery and 2.8 load, respectively. The advanced PO method produces successful simulation results at all di erent loads, irradiances, and temperatures, as shown in Tables 7   Figure 11 . Results for the conventional PO method with battery. and 8. Comparing the advanced PO method with the conventional PO method at standard test condition and voltage of PV panels, it is observed that in the advanced method, voltage reaches a level almost equal to the MPP very quickly and then, starts to oscillate. However, after some oscillations, which become smaller and smaller, it attains the MPP. The oscillations have decreasing behaviour as time advances and the method achieves the expected maximum power level of 51 W in both cases of battery and loads. Tracking speed for the case of battery is 0.027 s, i.e., the advanced method is slightly quicker than the conventional method, whereas for the case of 2.8 load, the speeds of both methods are same, i.e., 0.027 s. The margin of improvement of the advanced PO method is quite signi cant for battery and load cases, especially with regard to the decreasing oscillations. As shown in Figures 17 and  18 and Tables 7 and 8 , it is an e cient enhancement est among all methods. The power level is achieved by all methods, except for the improved PO method in the case of battery. In Table 9 , it appears that all the three successful methods have oscillations, but the oscillations in the advanced PO method decrease gradually. For the case of 2.8 load, as seen in Table 10 , only the conventional and advanced PO methods achieve the expected maximum power level with the same tracking speed. However, the advanced PO is superiors because of decreasing oscillations. These results are in line with the simulations presented by Awan et al. [2] . In Table 11 , the key characteristics of all the variants of the PO method considered in this work are summarized. All the methods lead to the control duty cycle and use both current and voltage for MPPT in the search for the MPP, except for the improved PO method, which uses only information of currents to track the MPP. The advanced PO is considered as a moderating MPPT method as it achieves the true power and its oscillations, if any, are decreasing in nature. The conventional and modi ed PO are moderate tracking methods for the battery cases, whereas the latter is not reliable enough in the cases of loads. The improved PO method is slower and it does not achieve the expected power level. Table 12 summarises the outcomes of an experimental investigation by real implementation of a similar system to look into validity and reliability of the simulation results. In the experiments, the PV was 750 W/m 2 at the temperature was 25 C. The gures for the real-time implementation are not exactly the Table 12 shows that the maximum power levels are 38.7 W at 12:00 PM and 39.6 W at 1:00 PM, which are naturally the best conditions for the working of solar PV systems. The simulation results for the same conditions with the conventional, modi ed, improved, and advanced PO methods in Tables 1-8 can be compared with the experimental results in Table 12 . The comparison is also extended in Figure 19 only for the cases of 2.8 , 5 , and 10 for the sake of brevity. The new advanced PO variant shows an edge over the other methods. Also, the e ciency of the conventional PO algorithm is demonstrated in the gure. It shows the 
Conclusion
A comparative study of some existing variants of the PO method for MPPT in PV solar panels was conducted. The performance of the conventional, modi ed, improved, and advanced PO methods was tested for the cases of battery and di erent loads. Three major issues with PV panels, namely oscillations, slow tracking speed, and reactions in changing climate conditions, were addressed through simulations to investigate the e ciency of the considered PO methods. The \decline and x" strategy in the advanced PO method established it superiority over other methods in the overall comparison by resolving the oscillations at the MPP operating point, which is a major challenge to the productivity of PV systems. 
